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Abstract 
The Australian energy sector is transforming towards a carbon-constrained economy and large emitters, such as 
power plants, need to consider the pathways for transitioning.  This study highlights the technical and economic 
issues that need consideration by power generators in meeting the expected increase in energy demand while also 
meeting greenhouse gas targets. The strategy examined in this study is time phased post combustion capture 
retrofitted to existing power plants coupled with refurbishment of the power plant. The effect on the levelised cost of 
electricity (LCOE) and the avoidance cost is investigated for both coal and natural gas fired generators. 
This study assumes that 20 % of the Australian electricity fleet is retrofitted with capture in 2020, increasing in 
20 % increments at 5-year intervals until 2040 when all the fossil fuel power plants have capture retrofitted. The 
LCOE increases from current values of A$50 - 57 per MWh to A$100 - 120 per MWh for complete implementation 
of capture in 2040. At the same time, the CO2 emission intensity of the fleet gradually reduces from 0.6 tonnes per 
MWh to less than 0.1 tonnes per MWh. With phased implementation, the number of power plants that have capture 
increases over time and hence the avoidance cost increases from A$100 – 160 per tonne of CO2 avoided if capture is 
implemented in 2020 to A$150 – 240 per tonne of CO2 avoided if capture is implemented in 2040. 
 
© 2013 CO2CRC. Published by Elsevier Ltd.  
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1. Introduction 
1.1. Background  
As Australia moves toward a carbon-constrained economy, the energy sector faces the challenge of 
reducing its emissions of greenhouse gases whilst ensuring the security of energy supply. According to 
recent modelling by the Australian Treasury, it is estimated that there will be a 30 % increase in overall 
electricity demand in Australia in 2030 compared to 2010. To meet this increase in demand, it is expected 
that there will be moderate increases in the use of coal and natural gas based generation coupled with 
significant increases in renewable energy sources. The total generation capacity is estimated to grow by 
14 to 30 GW. At the same time, Australia has introduced a carbon tax starting at A$23 per tonne in July 
2012 followed by an emissions trading scheme in 2015. One promising option for Australian power 
plants for reducing CO2 emissions is widespread deployment of carbon capture and storage (CCS). The 
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technical worth of CCS has been well established; capture technologies are mature and available for 
industrial application. However, despite the technical viability, the logistics and economics of CCS 
implementation in power plants and in particular electricity markets have not been widely examined. 
Aspects requiring investigation include deployment options such as synchronised or progressive 
installation and the resulting impact on the levelised cost of electricity and reduction in national CO2 
emissions.  
1.2. The Australian National Electricity Market 
In Australia, electricity is sold on a wholesale market where retailers compete for the electricity output 
of different generators. There are two wholesale energy markets in Australia; the National Electricity 
Market (NEM) and the Wholesale Electricity Market (WEM) [1, 2]. The eastern and southern states of 
Australia trade through the NEM and the state of Western Australia trades through the WEM. Energy in 
the Northern Territory is supplied through the Power and Water Authority, owned and operated by the 
government. There are six regions in the NEM, namely Queensland, New South Wales including the 
Australian Capital Territory (ACT), the Snowy Mountains area, Victoria, South Australia and Tasmania. 
The primary fuel type used in Queensland and New South Wales is black coal, which accounts for 
approximately half of the total electricity generated in Australia. This is followed by brown coal in 
Victoria and South Australia, which accounts for approximately 16 % of the capacity. Natural gas is the 
main fuel used in South Australia but there are also a few natural gas (generally peaking) plants 
distributed throughout each state. Tasmania is predominantly supplied by hydroelectricity and the Snowy 
Mountains hydroelectricity scheme provides fossil fuel free energy to both Victoria and NSW. Figure 1 
shows the location of the different Australian generators that have a minimum output capacity of at least 
50 MW. 
  
Figure 1: Generators in the Australian electricity market  
Australia’s total generation capacity is 46,000 MW. This is comprised of 22,600 MW from 24 black 
coal plants, 7,500 MW from 8 brown coal plants, 8,200 MW from 38 natural gas open cycle (NGOC) and 
7,450 from 32 natural gas combined cycle power plants (NGCC). In the 1980’s, a considerable amount of 
investment was made in Australian energy infrastructure, with one third of existing coal plants being built 
in that decade. In comparison, the majority of the natural gas plants were built during the early 2000’s [2]. 
Thus, the average age of Australian coal plants in the Australian NEM is 20 years and for gas plants the 
average age is 15 years. Given that thermal coal plants generally have life spans up to 40 or 50 years and 
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gas plants 30 years, there remains a considerable amount of time before these plants are retired. Thus, one 
of the challenges facing power generators is maintaining the operation of these plants while also reducing 
their CO2 emissions.  
This paper investigates the technical and economic aspects of one option available to power generators 
in meeting the energy demand while also meeting greenhouse gas targets. Some of the pathways that 
power generators can implement to reduce their CO2 emissions include: retrofitting post-combustion 
capture at existing coal and gas fired generators with or without refurbishment of the power plant; fuel 
switching from coal to natural gas; and, upgrading existing low efficiency power plants to more efficient 
boilers and steam cycles. In this paper, we assess phased implementation of retrofitting post-combustion 
capture to existing coal and gas fired generators coupled with refurbishment of the power plant. 
2. Methodology 
2.1. Implementation pathways  
This paper considers the staggering of carbon capture implementation in terms of time and quantity. 
Instantaneous and sector wide installation of CO2 capture is unlikely. A more practical approach is to 
consider ‘phasing’, that is, a proportionate implementation of capture over time. In this paper we assume 
that capture is implemented in 20 % of existing power plants in 2020 and that the portion of plants 
operating with capture is increased by 20 % in 5-year time steps, until 2040 when the entire Australian 
fleet is assumed to be operating with capture. In this assessment, we do not change the relative 
proportions of black, brown, NGCC or NGOC power plants and, for simplicity, assume that 20 % of each 
class of generator is retrofitted with capture at each time step. 
 
Figure 2 provides a timeline depicting this time staggering strategy where the portion of power plants 
retrofitted with capture increases at fixed time steps. Given the size of the Australian fleet and the costs 
involved, this theoretical implementation pathway may provide a reasonable high-level approximation of 
development decisions taken by individual generators. 
 
 Monique Woods et al. /  Energy Procedia  37 ( 2013 )  2602 – 2610 2605
 
Figure 2: Phased implementation of CO2 capture at Australian power plants beginning in 2020 
2.2. Capture assumptions 
The capture calculations for this paper were completed using a techno-economic model developed by 
the University of New South Wales for the CO2CRC [3]. The model enables calculation of the total 
energy consumption and equipment dimensions for CO2 pretreatment, separation and compression. In this 
paper it is assumed that capture uses MEA solvent absorption with heat integration to the power plant. 
The energy required for capture (that is the steam required for solvent regeneration and the electricity for 
compression and pumping) is assumed to be parasitically derived from the power plant. Thus, the energy 
penalty for 90 % CO2 recovery using MEA solvent absorption is about 33 % for black coal power plants 
(that is, 165 MW reduction in power for a 500 MW black coal) and 40% for brown coal fired power 
plants (a reduction of 200 MW for a 500 MW power plant) and about 16% for the natural gas power 
plants (that is a reduction of 80 MW for a 500 MW power plant). The calculations assume that the 
recovered CO2 is compressed to 100 bar ready for transport. The power and sizes of the process 
equipment including the absorber, stripper, steam re-boiler, CO2 compressor, pumps, CO2 drying unit and 
flue gas and solvent heat exchangers are estimated using mass and energy balances and correlations. 
2.3. Economic assumptions 
The results in this paper are presented in Australian currency (A$) for 2011. The discount rate is 7 % 
real and the project life or discounting period is 30 years starting from 2020. The construction period for 
the capture facilities is 2 years. A carbon price of A$23 per tonne of CO2 emitted is included in the 
analysis (with and without capture).  
The total costs for the capture plant include capital, fixed and variable operating costs. The capital 
costs cover the cost for capture equipment including the flue gas de-sulphurisation (FGD), selective 
catalytic reduction (SCR), solvent absorption/regeneration units, CO2 compression, solvent and flue gas 
heat exchangers, pumps and general equipment such as storage tanks. Further details are available in Ho 
et al. [4]. 
Because we assume that installation of capture involves some integration to the power plant steam 
cycle to reduce the energy penalty for capture, we therefore also assume that a moderate amount of 
refurbishment of the power plant will be completed at the same time. The capital cost for this 
refurbishment is assumed to be A$3,120 per kW for black coal, A$3,950 per kW for brown coal, A$1,610 
per kW for NGCC and A$725 per kW for NGOC [5]. The cost of fuel is assumed to be A$1.5 per GJ for 
black coal, A$0.7 per GJ for brown coal and A$3.5 $ per GJ for domestic natural gas.  
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In calculating the LCOE without capture, for simplicity, we assume that the capital cost of existing 
power plants has been amortised to zero. The calculated costs for operating the existing power plants 
include the fixed, variable and fuel costs.  
In comparison, the LCOE for power plants with capture include the capital cost of refurbishing the 
power plant, the capital for the capture plant, the operating costs for the capture and power plants, and the 
fuel costs. In this paper, we report the average sector-wide LCOE for the entire fleet by averaging the 
LCOE for the portion of power plants operating with capture and the LCOE for the portion of plants 
operating without capture: 
Average LCOE ($/MWh) = (1-y)*LCOE(without capture) + (y)*LCOE(with capture) (1) 
where y is the portion of power plants operating with CO2 capture. For example, if half of the black coal 
power plants have capture installed, the LCOE for these plants with capture is A$87 per MWh. The 
LCOE for the other half of the black coal power plants that do not have capture is A$47 per MWh. 
Therefore the sector-wide average LCOE for the black coal fired power plants is the weighted average of 
these two values of A$67 per MWh. 
The avoidance cost is the net present value of the total project costs divided by the net present value of 
the CO2 avoided over the 30-year discounting period. 
Avoidance cost ($/t CO2 avoided) = PV (Total Project Costs) / PV (CO2 avoided) (2) 
As for the LCOE with capture, the total project costs for the avoidance calculation include the capital and 
operating costs for the capture plant, fixed and variable operating costs for the power plant, fuel costs as 
well as the power plant refurbishment costs. For each class of power plant, the reference plant used for 
calculating capture avoidance cost was assumed to be the same power plant without capture. 
2.4. Initial generator assessment 
In this paper, we evaluate the option of retrofitting capture to all existing coal and gas power plants in 
the Australian electricity market over time. The assessment was conducted for the four different classes of 
fossil-fuel generators: black coal, brown coal, NGCC and NGOC power plants. Using real data available 
from the Australian Electricity Market Operator [2] and the Department of Climate Change and Energy 
Efficiency [6] we determined the average age, size, thermal efficiency, operating capacity, CO2 emission 
intensity and flue gas compositions for the four different classes of power generators. For simplicity we 
have included the data for co-generation power plants with the NGOC power plants, hence the emission 
intensity is slightly lower than for NGOC plants alone. Table 1 summarises the characteristics of the 
average black coal, brown coal, NGCC and NGOC power plants in Australia [7].  
Table 1 Characteristics of the average classes of power generators in Australia 
 Black coal Brown coal NGOC 
(including co-generation plants) 
NGCC 
Size (MW) 
Age (years) 
Thermal efficiency (% HHV) 
CO2 emission intensity (tonne per 
MWh) 
940 
20 
35 
0.84 
940 
20 
26 
1.05 
220 
15 
29 
0.55 
230 
15 
45 
0.34 
3. Results and Discussion 
In assessing the economics of retrofitting capture to power plants, it is often assumed that the only 
capital cost incurred is for the capture plant with a small additional cost for power plant refurbishment [8-
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10]. This calculation assumes that the capture plant is ‘added’ to the flue gas exhaust system of the 
existing power plant with minimal cuts into and interaction with the existing power plant infrastructure 
and operation. This assumption may be true for power plants that are relatively new or have been 
designed with low flexibility. However, this is not always likely when capture is implemented at older 
power plants. Without modifications, the life of an existing power plant would be considerably shorter 
than the capture plant. Hence, when capture is installed at these power plants it is likely that the generator 
will take the opportunity to undertake refurbishment perhaps even to the extent of completely rebuilding 
boilers [11].  
Figure 3 shows the effect of time phasing capture installation coupled with power plant refurbishment 
to the Australian power plant fleet at 20 % increments in 5-year steps from 2020. The results show that 
the average LCOE for each fuel type increases over time, but at a decreasing rate. This occurs because the 
average LCOE includes both the portion of plants operating with capture and those operating without 
capture. For a given period in time, the power plants with capture will have a higher LCOE compared to 
those without capture due to the additional costs for the capture plant and the power plant refurbishment. 
As an increasing number of plants are operated with capture over time, the average system LCOE will 
gradually approach the LCOE with capture. 
As shown in Figure 3, by installing capture to 20 % of the fleet in 2020, the average LCOE for brown 
coal power plants increases to about A$85 per MWh from the current cost of A$57 per MWh. This 
represents an increase of around 50 % compared to current costs. When all the power plants have capture 
installed in 2040, the average LCOE for brown coal power plants rises to around A$120 per MWh. For 
black coal power plants the average LCOE in 2020 is approximately A$70 per MWh, increasing to 
around A$85 per MWh in 2025 and up to A$100 per MWh in 2040. Using time-phased implementation 
of CO2 capture, the average LCOE of black coal power plants in 2040 is about twice the current cost of 
A$54 per MWh. The average LCOE for NGCC power plants in 2020 is about A$60 per MWh and in 
2040 is A$70 per MWh, which is an approximately 50 % more than the current cost. For NGOC power 
plants, the average LCOE in 2020 is A$60 per MWh increasing to A$75 per MWh in 2040 which is an 
increase of 25 % compared to current costs. 
 
 
Figure 3: The change in average LCOE for each class of power plant with time-phased CO2 capture implementation from 2020  
Of the four classes of generators in this study, brown coal power plants were found to have the highest 
average LCOE. For existing plants where capture has not yet been implemented, brown coal power plants 
have the highest CO2 emissions and hence incur a very large carbon penalty. Therefore the average LCOE 
for brown coal power plants is much higher than for other fossil fuel powered plants. Once capture is 
installed (in 2020 and beyond), brown coal power plants still have the highest average LCOE because the 
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capture energy penalty for brown coal power plants is the highest of all the classes of generators. Coupled 
with very high costs for the power plant refurbishment and capture facilities, the resulting average LCOE 
for brown coal power plants is therefore higher than for the other classes of power plants. 
Of the two fuel types (coal and natural gas), Figure 3 shows that the average LCOE for both classes of 
natural gas fired power plants are significantly lower than for both classes of coal fired power plants. 
From 2030 and beyond, the average LCOE for the two classes of natural gas fired power plants is about 
A$30 per MWh to A$50 per MWh lower than the average LCOE for the two classes of coal fired power 
plants. The two classes of natural gas fired power plants both have a lower average LCOE because they 
both have lower emission intensity, smaller capture energy penalty, higher thermal efficiency and lower 
power plant refurbishment costs than for the two classes of coal fired power plants. 
Figure 3 also displays the average emission intensity for the entire fleet associated with each time-step 
of capture installation. As the portion of the fleet fitted with capture is increased, the emission intensity 
declines linearly by about 20 % at each time-step. The current emission intensity is about 0.62 tonne per 
MWh sector-wide and reduces by an order of magnitude to approximately 0.06 tonne per MWh in 2040. 
Since all power plants have been retrofitted with capture by 2040 the emission intensity is unchanged 
from 2040 and 2050. 
Figure 4 shows the estimated avoidance costs for each of the classes of power plants that install 
capture at each 5-year time-step. When time-phased installation of CO2 capture is applied across the 
electricity fleet, only the power plants that have installed capture incur avoidance costs; the plants without 
capture are unaffected. As shown in Figure 4, the avoidance costs increase over time for all classes of 
power plants. This occurs because as CO2 capture is delayed further into the future, more CO2 is emitted 
into the atmosphere in the interim and the overall amount of CO2 avoided over the 30-year project life 
decreases. Also, the time over which the capture facilities and refurbishment cost is discounted is less. 
Therefore by implementing CO2 capture further into the future, a power plant will incur a higher 
avoidance cost than if capture is implemented sooner.  
 
 
Figure 4: Capture cost (as avoidance) for each class of power plant with time-phased CO2 capture implementation from 2020 
The avoidance costs for NGOC power plants is the lowest of all the classes of power plants; a cost of 
about A$120 per tonne of CO2 avoided in 2020 increasing to about A$170 per tonne of CO2 avoided if 
capture is implemented in 2040. The results show that avoidance cost for NGOC power plants are at least 
A$15 per tonne of CO2 avoided lower than any other class of power plants for every time-step. Although 
NGOC and NGCC power plants use the same fuel and have a similar cost for the capture facilities, 
because the refurbishment cost for NGCC power plants is much higher this results in higher overall 
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project and avoidance costs. In comparison to both classes of coal fired power plants, NGOC power 
plants have lower avoidance cost because of the lower plant refurbishment cost. The refurbishment cost 
for NGOC is lower than for a black or brown coal fired power plant by a factor of four and five times, 
respectively. Therefore the total cost of installing CO2 capture and refurbishing a NGOC power plant is 
significantly less than the total cost for the two classes of coal fired power plants, resulting in lower 
avoidance costs. 
In this study, the avoidance costs for black coal power plants were found to be similar to the 
avoidance costs for NGCC power plants at all time-steps. In 2020, the avoidance costs for both of these 
classes of power plant are about A$130 per tonne of CO2 avoided increasing to A$200 per tonne of CO2 
avoided in 2040. NGCC power plants have higher fuel costs and tend to have larger capture plants due to 
the smaller CO2 concentration in the flue gas. However, in this analysis, because we have assumed that 
the cost of refurbishing a black coal fired power plant is much higher than for a NGCC power plant, the 
resulting total project costs for a black coal power plant is also higher. On the other hand the amount of 
CO2 avoided for a black coal power plant is higher than for an NGCC power plant because, on a relative 
basis, much more CO2 is captured and much less CO2 is emitted to the atmosphere after capture is 
installed. Therefore the resulting avoidance cost is similar for both of these classes of power plant.  Of the 
four classes of power plants, brown coal power plants have the highest avoidance at all time-steps, 
increasing from A$140 per tonne of CO2 avoided in 2020 to almost A$240 per tonne of CO2 avoided in 
2040. The higher avoidance costs arise due to the higher capture energy penalty and higher cost for 
refurbishment for brown coal power plants compared to the other classes of power plants. 
4. Conclusion 
This study examines the cost of phasing the implementation of CO2 capture to the Australian 
electricity fleet. The results from this study are based on phased implementation to 20 % of the fleet at 5-
year intervals from 2020, resulting in all the fossil-fuel based power plants in Australia deploying capture 
by 2040. Using the phasing approach, the CO2 emission intensity reduces from a sector-wide average of 
0.6 tonne per MWh in 2015 to 0.06 tonne per MWh in 2040. At the same time, the average LCOE for the 
fleet increases sharply from current values of approximately A$50 per MWh to approximately A$80 per 
MWh for black and brown coal fired plants and A$60 per MWh for natural gas fired plants (either 
combined cycle or open cycle) in 2020. The average LCOE then gradually increases to A$100 per MWh 
to A$120 per MWh for the coal fired plants and A$70 per MWh for the natural gas fired plants in 2040. 
The results show that phased implementation is a strategy for capture deployment that could be used 
across the fleet to manage the increase in LCOE often associated with capture while still significantly 
reducing emissions over time. However, delayed capture installation increases the avoidance cost. 
Therefore a power plant operator needs to balance the increase in LCOE and avoidance costs with the 
need to decrease emissions. By implementing capture sooner, the avoidance cost is lower but the LCOE is 
higher. However, waiting until later to install capture will result in very high avoidance cost but the 
change in LCOE compared to the current value will be less.  
The analysis in this paper assumes equal phasing of capture across the fleet at 5-year intervals 
beginning in 2020. In practice, capture deployment may be quite different to this, and it will be ‘lumpy’, 
meaning that there will be relatively large changes at irregular intervals because of the relatively small 
total size of the fleet. In addition, we have assumed that capture uses current MEA absorption technology. 
Further work on different phasing strategies coupled with improvements due to technology learning or the 
use of other capture technologies would be beneficial for gaining insights into the potential for reducing 
CO2 emissions at low cost. 
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